Abstract -In a microgrid system, distributed energy storage units are commonly employed as the energy buffers. In this paper, a dynamic power sharing method based on the state-of-charge (SoC) of each energy storage unit is proposed.
INTRODUCTION
Considering the growing energy needs and existing problems of conventional fossil fuel, renewable energy has been highly penetrated into the modern electrical grid nowadays. In order to integrate different kinds of renewable energy sources into one area, the concept of microgrid was proposed several years ago [1] . In a microgrid, the distributed sources are usually connected to the point of common coupling (PCC) by power electronics interfaces [2] .
According to the feature of distributed configuration, the interface converters are commonly connected in parallel.
Control of these parallel interface converters is a key issue in microgrid applications [3] . The most significant problem to be solved in the parallel converter control is the load power sharing. In order to reach this target, several control methods are proposed by researchers. Some of them are based on high frequency communication [4] , which is not suitable for the distributed connection in a microgrid system. Droop control is involved in the inverter-interfaced distributed system, for no communication or only low bandwidth communication is required [3] [4] [5] . Without the high frequency communication, the overall system cost is reduced and the reliability of the system is enhanced.
In order to deal with the uncertain output of the renewable energy sources, energy storage units are commonly employed as the energy buffers [6] . Since the state-of-charge (SoC) of each energy storage unit is changing during its usage, the output power of each unit should be adjusted accordingly. The unit with higher SoC should provide more power, while the one with lower SoC should provide less.
Hence, to take the distributed feature and SoC together into account, SoC-based droop method is employed, which works like gain-scheduling droop control [7] [8] . In the existing research work, the droop coefficient of each interface converter is commonly in inverse proportion to the SoC of the connected energy storage. Moreover, different relationships between the droop coefficient and SoC can be further studied to reach the desired dynamic power sharing performance.
Though droop control method has several advantages, its drawback should be noticed. In the droop-controlled parallel inverter system, PCC voltage deviation is involved to reach load power sharing [3, 5] . Therefore, the voltage performance is degraded, which may influence the operation of the loads connected to the common buses. To deal with the above problem, the droop coefficient should be designed to guarantee that the deviation will not exceed the acceptable range. Meanwhile, the secondary control based on the low-bandwidth communication is proposed to restore the common bus voltage [5] . Conventionally, a secondary control level is employed in the droop-controlled system with constant droop coefficients. In the application of SoC-based droop method, since the droop coefficients are changing according to the SoC, the performance of secondary control and the overall system stability should be further studied.
In this paper, SoC-based droop control method is employed to reach dynamic power sharing in an AC microgrid, especially for the system with the same kind of energy storage unit. Different kinds of relationships between the droop coefficient and SoC are discussed to improve the dynamic sharing performance. Secondary control scheme with variable droop coefficients is also employed to restore the frequency and amplitude of the AC-bus voltage.
Modeling of the overall control system including both SoC-based droop control and secondary control is established, based on which the system stability is tested.
The theoretical analysis is demonstrated by both simulation and experimental results.
II. MODEL OF THE CONTROL SYSTEM
A. SoC-based droop control method Concretely, the energy storage unit with higher SoC should deliver more active power, while the one with lower SoC should deliver less. In the control system of this paper, the SoCs is reached from the estimators shown as Combining (3) � (7), the calculation of the SoC can be rewritten as
Perturbing (8) � (9) and transferring the domain, it is reached that results into s
where /\ denotes the perturbed values.
Take the two-order low-pass filter into account,
where L(') denotes the Laplace transformation and GLPF is shown as
where 0)0 is the cutting frequency and � is the damped coefficient.
Perturbing (12) � (13) and substituting the results into (10)
At the same time, employing SoC into the droop control method for active power sharing, (1) can be rewritten as
where mo is the initial droop coefficient when SoC equals to 1.
Perturbing (17) and (18), it is reached that
where /\ denotes the perturbed values and capital letters show the equilibrium point values.
Combining (15), (16), (19) and (20),
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For simplification of (21) and (22), it is supposed that
Meanwhile, at the PCC,
where P10ad is the load power at the PCe.
The frequencies at the different points in a microgrid can be regarded as the same, so By using (27), the stability of SoC-based droop control method can be evaluated. When the SoC of each energy storage unit and the exponent n are changing, the dominant poles of the system are shown in Fig. 2 and 3 . Here, the system parameters adopted are shown in Table I . 
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For the changing of SoC is much slower than that of the output active power, it can be supposed that
Combining (8) � (9), (25) and (29), it can be obtained
The numeric solutions of (30) and (31) are reached with the parameters in Table I , as shown in Fig. 4 . It is seen that with larger exponent n, the active power sharing speed is much faster, as represented by the decreasing speed of SoC.
It should be noticed that the conventional droop method for equal reactive power sharing is adopted. Since the dynamic sharing of the active power is studied in this paper, no description of the conventional droop method for reactive power is shown here.
0. 9 ----, ----,-----I ----I ----1 -------------------- In the conventional droop control method, the constant droop coefficients are employed in the control system. In this situation, the secondary control is employed to restore the deviation caused by the droop method. In the SoC-based droop control, the droop coefficients are adjusting according to the SoC of each energy storage unit. The applicability of secondary control should be further studied.
For the active power sharing, the secondary control diagram is shown in Fig. 5 . In Fig. 5 , W M G is the angular frequency at the PCC, W * and ware the reference and actual values of the local frequency, G p1 is the secondary controller.
For secondary control has remarkable characteristics of low-bandwidth communication, G D is involved for modeling the communication delay. Here, the communication delay is set to 0.02s. It should be noticed that the squared part in Fig.  5 is used for the synchronization of the local output voltage and the PCC output voltage, which is adopted when the local converter begins to connect to the common bus. The transfer function of the control system is shown in (32). Take the transfer function from OJMG to PAC as an example. In order to show the stability of the system with different exponent n and SoC, the corresponding bode plots are shown in Fig. 6 . It can be seen that the stability of the PCC frequency restoration method for SoC-based droop control is guaranteed. For the reactive power sharing, the secondary control diagram is shown in Fig. 7 . The coefficient A. is involved to represent the ratio between the local voltage amplitude and PCC voltage amplitude. The derivation of the above ratio is shown below. The parallel inverter system is simplified in Fig. 8 . It is reached that It is seen from (35) that A. is in relation to the system frequency, while it can be demonstrated that even when OJ is changing from 2nAO radls to 2n·60 radls, A. changes slightly, with the maximum change less than 0.0001. According to the parameters shown in Table I , A. is selected as 0.9569. As same as the derivation for active power sharing, the transfer function for the control diagram in Fig. 7 is reached as
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The bode plot from E MG to each input variable in (36) can be reached. Take E MG to E MG * as an example. The frequency domain analysis result is shown in Fig. 9 . It is found that the system stability is guaranteed. 
III. SIMULATION AND EXPERIMENTAL VALIDATION
Matlab / Simulink model is accomplished to test the SoC-based droop control method with AC-bus voltage restoration function. The system parameters are also shown in Table I . The local AC voltage and current waveforms are shown in Fig. lO and 11 . It is seen that the local voltage and current waveforms have sinusoidal shape. With different exponents, the active power sharing waveforms are shown in Fig. 12 � 14 . It should be noticed that the constant time period is used in the simulation for comparison of the sharing effect with different n. It can be seen from Fig. 12 � 14 that with higher exponent n, the active power sharing speed is faster. With the secondary control for PCC voltage, the frequency keeps stable at 50Hz, as shown in the magenta curve in Fig. 12 � 14 . Meanwhile, equal reactive power sharing is guaranteed by droop control and the sharing error is controlled to be less than 30 Var.
The effect of secondary control in the above control diagram is shown in Fig. 15 and 16 . It is seen that with secondary control, the frequency of the AC-bus voltage is restored by 0.1 Hz and the amplitude of the AC-bus voltage is restored by 44.9V. A 2x2.2 kW prototype with the control system of dSPACE 1103 is implemented to achieve the experimental test of the overall control system, as shown in Fig. 17 . Here, for safety reason, the output power is lowered down, compared to the simulation results. As same as that in simulation, the local AC voltage and current waveforms are shown in Fig. 18 and 19 . It is seen that the voltage and current waveforms have sinusoidal shape. With different exponent n, the active power sharing waveforms are shown in Fig. 20 � 22 . It can be seen that with larger n, the active power sharing speed is faster. Meanwhile, equal reactive power sharing is guaranteed by droop control and the sharing error is controlled to be less than 30 Var.
The effect of secondary control is shown in Fig. 23 and 24. It is seen that the frequency of the PCC voltage is restored by 0.06 Hz and the amplitude of the PCC voltage is restored by 12 V. -: OI�Z: t -: • PWMI PWM2
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IV. CONCLUSION
In order to solve the power sharing problems in the distributed energy storage system with the same kind of energy storage unit, SoC-based droop control method with AC-bus voltage restoration is proposed.
1) By using SoC-based droop method, the energy storage unit with higher SoC generates more active power, and the one with lower SoC generates less. The droop coefficients for active power sharing are inversely proportional to SoCn• Meanwhile, the conventional droop control for equal reactive power sharing is employed.
2) The dynamic performance of active power sharing is discussed. It is demonstrated that with larger exponent n, the power sharing speed is faster. Small signal model of SoC-based droop control is developed and the system stability with changing SoC and different n is guaranteed.
3) In order to restore the deviation caused by the SoC-based droop control, secondary control is involved to restore the frequency and amplitude of the AC-bus voltage . Considering the changing SoC and different exponents, the system model of secondary control is realized. The corresponding system stability of secondary control is tested.
A Matlab / Simulink simulation model and a 2x2.2 kW prototype were implemented. The theoretical analysis results are demonstrated by both simulation and experiment.
